Strain UCD 311 is a transposon-induced mutant of Nostoc sp. strain ATCC 29133 that is unable to fix nitrogen in air but does so under anoxic conditions and is able to establish a functional symbiotic association with the hornwort Anthoceros punctatus. These properties of strain UCD 311 are consistent with previous observations that protection against oxygen inactivation of nitrogenase is physiologically provided within A. punctatus tissue. Upon deprivation of combined nitrogen, strain UCD 311 clearly differentiates heterocysts and contains typical heterocyst-specific glycolipids; it also makes apparently normal akinetes upon phosphate starvation. Sequence analysis adjacent to the point of the transposon insertion revealed an open reading frame designated devR. Southern analysis established that similar sequences are present in other heterocyst-forming cyanobacteria. devR putatively encodes a protein of 135 amino acids with high similarity to the receiver domains of response regulator proteins characteristics of two-component regulatory systems. On the basis of its size and the absence of other functional domains, DevR is most similar to CheY and Spo0F. Reconstruction of the mutation with an interposon vector confirmed that the transposition event was responsible for the mutant phenotype. The presence of wild-type devR on a plasmid in strain UCD 311 restored the ability to fix nitrogen in air. While devR was not essential for differentiation of akinetes, its presence in trans in Nostoc sp. strain ATCC 29133 stimulated their formation to above normal levels in aging medium. On the basis of RNA analysis, devR is constitutively expressed with respect to the nitrogen source for growth. The devR gene product is essential to the development of mature heterocysts and may be involved in a sensory pathway that is not directly responsive to cellular nitrogen status.
All nitrogenase enzymes are highly O 2 sensitive; thus, diazotrophic prokaryotes have adapted a variety of mechanisms to protect these enzymes from O 2 inactivation, ranging from avoidance to metabolic consumption of O 2 by respiration to cellular compartmentalization (16, 17) . Specialized cells termed heterocysts are an example of compartmentalization; they are formed by certain filamentous oxygenic photoautotrophic cyanobacteria under conditions of combined nitrogen deprivation (40) . Heterocysts lack the photosystem II O 2 -producing reaction, have an increased rate of respiratory O 2 uptake, and are enclosed by an extra outer wall layer consisting of unique glycolipids and polysaccharides, which together impede the entry of O 2 (40) . Heterocysts that form under anoxic incubation conditions are structurally incomplete and are unable to protect nitrogenase from inactivation by O 2 when cultures are shifted to ambient oxic conditions (32) .
The formation of heterocysts from vegetative cells clearly involves differential gene expression (16, 40) . However, the mechanisms regulating differential gene expression of any metabolic or developmental system in these organisms are unknown. A primary sigma subunit of RNA polymerase, as well as two alternate sigma subunits, all belonging in the same family (similar to the sigma-70 family of Escherichia coli), has been identified (4) . Cultures with defects in both of the alternative sigma subunits continue to differentiate heterocysts and fix N 2 (4) . A DNA-binding protein, NtcA, that shows similarity to the cyclic AMP receptor class of regulatory proteins and that influences heterocyst differentiation and transcription of several diverse enzymes involved in nitrogen assimilation has been identified (14, 37) . A gene product, HetR, that catalyzes an unknown reaction is essential for the initiation of heterocyst differentiation (5) . The interactions between any of these factors in the initiation and continuation of heterocyst differentiation is unresolved. Genes with identity to those encoding sensor kinase and response regulator proteins of two-component regulatory systems have been characterized that control genes for phosphate assimilation of a unicellular cyanobacterium (27) , but none that influence nitrogen metabolism have been identified. A gene product, PatA, that has similarity to the receiver domain of response regulator proteins influences the pattern of heterocyst differentiation in filaments of Anabaena sp. strain PCC 7120 (21) .
Nostoc sp. strain ATCC 29133 was isolated from a corraloid root of the cycad Macrozamia sp. (30) . It is a unique experimental organism for developmental studies, because in addition to heterocysts and under appropriate environmental conditions, vegetative cells of Nostoc sp. strain ATCC 29133 can also differentiate into spore-like akinetes or into hormogonia, which are gliding filaments that exist transiently as part of a cellular life cycle (30) . Nostoc sp. strain ATCC 29133 is also capable of dark heterotrophic growth, which facilitates studies in carbon catabolism (35) , and it forms a symbiotic association in axenic culture with the experimentally manipulable bryophyte Anthoceros punctatus (12) . Two of the Nostoc spp. differentiation alternatives are influenced by A. punctatus. First, when deprived of combined nitrogen, A. punctatus produces extracellular chemical factors stimulating Nostoc spp. to differentiate motile hormogonia, which serve as the infective units in establishing the symbiotic association (7). Second, nitrogenlimited A. punctatus produces chemical or environmental signals that stimulate heterocyst differentiation by symbiotically associated Nostoc spp. to be elevated to about 45% of the total population, compared with 3 to 8% in the free-living growth state (12, 24) . Nitrogenase activity is increased (34) and ammonium assimilation is decreased (19) in symbiotically associated Nostoc spp., relative to free-living cultures; thus, the excess fixed nitrogen, as ammonium, is made available for the growth of A. punctatus tissue (25) .
We are interested in the genetic and molecular mechanisms influencing cellular differentiation of Nostoc spp. in the symbiotic growth state. We have previously identified a Fox Ϫ (unable to fix nitrogen in air) mutant (strain UCD 223) of Nostoc sp. strain ATCC 29133 that was derived by chemical mutagenesis and that formed a functional N 2 -fixing symbiotic association (Sym ϩ ) with A. punctatus (8) . Microelectrode analysis subsequently established that the symbiotic cavities occupied by Nostoc spp. in A. punctatus gametophyte tissue contained little or no O 2 (8) . However, we were unable to isolate the gene responsible for the Fox Ϫ Sym ϩ phenotype of strain UCD 223. We have since developed methods for transposon mutagenesis of Nostoc sp. strain ATCC 29133 and have found it to be a genetically facile organism by using many of the same tools that were developed for Anabaena sp. strain PCC 7120 (9) . We report here the characterization and complementation of a transposon-derived Fox Ϫ Sym ϩ mutant of Nostoc sp. strain ATCC 29133 and the gene responsible for the described phenotype.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and physiological measurements. Nostoc sp. strain ATCC 29133 (PCC 73102, type strain of Nostoc punctiforme [31] ), its mutant derivatives, and the cyanobacteria that yielded genomic DNA for Fig. 6 were grown in buffered (5 mM 3-[N-morpholino]propanesulfonic acid [MOPS], pH 7.8) liquid and agar-solidified medium as described previously (9) . For non-nitrogen-fixing cultures, the medium was supplemented with 2.5 mM NH 4 Cl. Antibiotic concentrations used for derivatives of Nostoc sp. strain ATCC 29133 were neomycin (Nm) at 10 g ml
Ϫ1
, ampicillin (Ap) at 5 g ml Ϫ1 , and erythromycin (Em) at 3 g ml Ϫ1 in liquid and 15 g ml Ϫ1 on plates. Plates were incubated at 28ЊC under continuous illumination from cool white fluorescent lamps at 8 W m Ϫ2 and 1% (vol/vol) CO 2 enrichment. Mutagenesis with the transposon Tn5-1063 (39) and isolation of the Fox Ϫ mutants and their preliminary characterization were described previously (9) . Oxic and anoxic acetylene reduction assays as measures of nitrogenase activity were performed, and chlorophyll a content was determined, as previously described (8) . Coculture with A. punctatus in combined-nitrogen-free medium was used to determine symbiotic competence (12) . Heterocyst glycolipids were extracted from cultures with chloroform-methanol (2:1, vol/vol), concentrated under nitrogen gas, spotted on a silica gel G thin-layer chromatography plate (Analtech), and separated by chromatography with chloroform-methanol-acetic acid-water (170:30:20:7.4, by volume) as previously described (26) .
All E. coli strains were grown in Luria-Bertani broth (33) and supplemented with antibiotics at the following concentrations: kanamycin (Km) at 50 g ml Ϫ1 , ampicillin at 100 g ml Ϫ1 , and chloramphenicol (Cm) at 30 g ml
. E. coli DH5␣-MCR (Gibco-BRL) was used for all standard cloning experiments, including the subcloning of appropriate fragments, and standard protocols were observed (33) .
Photomicrographs of Nostoc sp. strain ATCC 29133 and its derivatives, as filaments mounted on agar-coated slides, were obtained with a Zeiss Universal photomicroscope equipped with phase contrast objectives. 
Molecular genetic techniques.
Genomic DNA isolations from cyanobacteria were performed as previously described (9) . All DNA-modifying enzymes were purchased from New England Biolabs, Gibco-BRL, or Boehringer Mannheim and used according to the manufacturer's instructions. Recovery of the transposon with flanking genomic DNA in strain UCD 311 was done as previously described (9) by digesting mutant genomic DNA with EcoRV and then by ligation and electrotransformation into E. coli DH5␣-MCR. The resulting plasmid, pSCR205, served as the template for sequencing with synthetic oligonucleotide primers by the dideoxy nucleotide method (with a kit purchased from United States Biochemical). Sequence homology searches were performed with the BLAST network service (2) . To reconstruct the mutation, an interposon vector was constructed as follows. The NotI site within the transposase gene from plasmid pSCR205 was made blunt by Klenow and then ligated, which created a frame-shift mutation in tnp. A SpeI-EcoRV double digest removed 4.4 kb of Nostoc sp. strain ATCC 29133 genomic DNA, and in its place in the remaining 9.8-kb fragment was ligated a NaeI-SpeI-digested pRL271 fragment, which contains the sacB gene, to allow positive selection of double recombinants (6) . The resulting 20-kb plasmid, pSCR206, was triparentally mated into Nostoc sp. strain ATCC 29133 with mobilizer pRL443 and helper plasmid pDS4101 as previously described (9) . Single recombinants were grown on neomycin and erythromycin, and double recombinants were selected by determining resistance to 5% sucrose and neomycin. The genotypes of putative single and double recombinants were verified by Southern hybridization as described below.
Cosmids containing the wild-type sequence were identified by using the 10.5 kb of flanking genomic DNA in pSCR205 as a probe. The probe was labeled with [␣-32 P]dCTP (DuPont, NEN) by the random priming method (with a kit from Gibco-BRL) and hybridized to clones from a randomly sheared genomic cosmid library of Nostoc sp. strain ATCC 29133 (9) . A 3.4-kb XbaI fragment from cosmid pSCR207 was found to contain the sequences flanking both sides of the point of the Tn5-1063 insertion and was subcloned into the XbaI site of the shuttle vector pSCR202 (35) , resulting in plasmid pSCR208. Electroporation of Nostoc sp. strain ATCC 29133 or strain UCD 311 with pSCR208 was done as previously described (35) .
A SspI-AlwNI digest of plasmid pSCR208 yielded an 862-bp fragment which contains all of devR and no other complete or partial open reading frames. This fragment was isolated by electrophoresis through agarose, purified with glass fines (Gene Clean, Bio 101), and used as the probe for hybridization to the RNA and DNA blots. RNA and DNA fragments were blotted to GeneScreen Plus nylon membranes as described previously (35) . Hybridizations were performed at 42ЊC in 50% (vol/vol) formamide, and blots were washed at the highest stringency (65ЊC) as specified by the manufacturer (DuPont, NEN). Alignment of devR with other similar genes was done with the Pileup program of the University of Wisconsin Genetics Computer Group at default settings (10) .
Nucleotide sequence accession number. The sequence of a 798-bp fragment containing devR is available from the National Center for Biotechnology Information under accession number L44605. Ϫ1 in air. Strain UCD 311 clearly differentiated heterocysts upon deprivation of combined nitrogen, although these heterocysts appeared not to have a contiguous-wall layer; material in a spur-like pattern was often seen extending from the polar regions of the wall, and many heterocysts contained unusually large amounts of refractile material at the cell poles (Fig. 1A) . Heterocyst glycolipids were present at typical concentrations in combined-nitrogen-deprived cultures of strain UCD 311, and they showed no unusual migration patterns during thin-layer chromatography, relative to wild-type cultures (Fig. 2) .
RESULTS

Phenotypic characteristics.
Strain UCD 311 established symbiotic colonies within A. punctatus gametophyte tissue and supported N 2 -dependent growth of the association. However, strain UCD 311 did not reinfect the growing marginal meristematic regions of the gametophyte tissue during prolonged coculture, as do wild-type Nostoc strains (12); thus, the association eventually ceased to grow with N 2 as the sole nitrogen source. A lack of reinfection has been previously observed with another Fox Ϫ Sym ϩ mutant (8) .
Identification and expression of the altered gene. The transposon and 10.5 kb of flanking genomic DNA (2.9 kb on the lux side and 7.6 kb on the tnp side) were recovered from strain UCD 311 as an EcoRV fragment, which was ligated to form pSCR205. Sequence analysis using pSCR205 as the template revealed that a 9-bp sequence (GTCCAGAAG, at positions 407 to 415 in the wild-type nucleotide sequence) was repeated at the site of transposition; 9-bp repeats are characteristic of (Fig. 4) . DevR contains the highly conserved aspartate and lysine residues (Fig. 4) that constitute the acid pocket where phosphorylation of Asp-57 (numbering relative to CheY) takes place in the receiver domain of these proteins (28) . Since the transposon had been inserted with luxAB oriented antiparallel to the devR transcriptional direction (Fig. 3) , luciferase expression could not be used as a reporter to monitor devR transcriptional activity in strain UCD 311 in response to environmental changes. Figure 5 shows a blot of RNA isolated from Nostoc sp. strain ATCC 29133 prior to and at various times following deprivation of combined nitrogen. When probed with an 862-bp genomic fragment encompassing devR, a potential doublet band can be seen migrating at about 1,000 nucleotides and a larger band is apparent at 1,500 nucleotides. Since rRNA also migrates in the 1,500-nucleotide range, we are unsure whether this band reflects a devR transcript or nonspecific hybridization. The 1,000-and 1,500-nucleotide bands were present in all samples; thus, devR appeared to be constitutively transcribed with respect to culture nitrogen status (Fig. 5) .
Hybridization of the devR probe to a Southern blot indicated that all other filamentous, heterocyst-forming cyanobacteria tested contained similar nucleotide sequences, and in many cases multiple hybridizing bands were present in each sample (Fig. 6) . Hybridizing bands were absent in the lane containing DNA from the unicellular cyanobacterium Synechococcus sp. strain PCC 7942 (Fig. 6, lane b) , whereas hybridization was observed in this lane with other probes.
Mutant reconstruction and complementation. The causal relationship between the site of transposition and the observed phenotype of the mutant was confirmed by double recombination of the interposon vector, pSCR206. Although the presence of other less intensely hybridizing bands can be seen in all lanes of the Southern blot in Fig. 7 when probed with devR, the wild-type lane shows a strongly hybridizing 2.4-kb EcoRI band (Fig. 7, lane a) . This probe identifies a strongly hybridizing EcoRI band of approximately 10 kb in strain UCD 311 (Fig. 7,  lane b) , as well as in the putative double recombinant (Fig. 7,  lane c) , which is consistent with the insertion of a 7.8-kb transposon into the 2.4-kb EcoRI wild-type fragment containing devR. A putative single recombinant strain had both the 2.4-and 10-kb bands characteristic of the wild-type and transposon-interrupted fragments, respectively (Fig. 7, lane d) . The single recombinant strain had the wild-type Fox ϩ phenotype, whereas the double recombinant strain had the same Fox Ϫ Sym ϩ phenotype as strain UCD 311. The wild-type Fox ϩ phenotype could be restored in strain UCD 311 by the presence in trans of pSCR208, which contains a 3.4-kb XbaI fragment encompassing devR. The complemented strain formed normalappearing heterocysts in the spacing pattern typical of wildtype filaments (Fig. 1B) . The presence of the complementing fragment in cells of Nostoc sp. strain ATCC 29133 resulted in the production of akinetes both in ammonium-supplemented cultures after approximately 10 days of incubation and in N 2 -grown cultures (Fig. 1C) . Wild-type Nostoc sp. strain ATCC 29133 does not normally produce akinetes in NH 4 ϩ -supplemented medium, and they are less than 1% of the total cells in aging N 2 cultures.
DISCUSSION
The Tn5-1063-induced mutant strain UCD 311 has a Fox sponsible for the strain UCD 311 mutation, as well as reconstructed the mutation and complemented it in trans. These latter results verify that the mutation was caused by the transposition event and confirm identity of the gene responsible for the phenotype. The characteristics of the previously described chemically induced mutant implied that mutations which lead to defective heterocyst walls should not affect symbiotic competence, because the micro-oxic environment of the symbiotic cavities serves to prevent inactivation of nitrogenase (8) . The properties of strain UCD 311 confirm this initial observation. However, only 28% of the Nostoc sp. strain ATCC 29133::Tn5-1063 Fox Ϫ mutants retained symbiotic competence. Therefore, the biochemical and genetic basis of a Fox Ϫ Sym ϩ phenotype is more complicated than implied by our initial assumption.
Heterocyst development has been observed to proceed in stages (1, 38) . A major transition is the maturation of proheterocysts into heterocysts, which can be blocked in wild-type cultures by the absence of O 2 (32) and by inhibition of DNA replication (1). Elhai and Wolk (11) presented evidence that synthesis of the Mo-Fe nitrogenase complex occurred only in heterocysts (defective or not) of Anabaena sp. strain PCC 7120 and related strains. They suggested that initiation of transcription of these nitrogenase genes was in response to developmental rather than environmental (nitrogen status) signals. Thiel et al. (36) identified two gene clusters encoding Mo-Fe nitrogenase complexes in Anabaena variabilis and some freeliving Anabaena sp. isolates cultured from the water fern Azolla sp.; expression of the nif1 cluster was confined to heterocysts under oxic and anoxic conditions and was under developmental control, while the nif2 cluster appeared to be expressed in vegetative cells only under anoxic conditions and was under the control of environmental factors. We have no evidence for the presence of a nif2-like gene cluster or alternative nitrogenase complex in Nostoc sp. strain ATCC 29133. Proheterocysts may be the earliest developmental stage in which the heterocystspecific nitrogenase can be synthesized, even under anoxic conditions in cyanobacteria such as Anabaena sp. strain PCC 7120 or Nostoc sp. strain ATCC 29133.
Ernst et al. (13) (Fig. 1A) . However, we were unable to observe diaminobenzidine staining in heterocysts of Nostoc sp. strain ATCC 21933 and its derivatives, even though we duplicated staining in Anabaena sp. strain PCC 7120 as previously described (reference 13, with corrections in reference 22). Thus, the comparable stage at which heterocyst development and complete formation of the O 2 protective mechanism is blocked in strain UCD 311 has not been determined. Since strain UCD 311 was capable of synthesizing heterocyst glycolipids (Fig. 2) and polysaccharides (see below) and of fixing N 2 , heterocyst development was presumably blocked prior to the organization of the heterocyst envelope but well after differentiation had begun, proheterocysts developed, and nitrogenase was synthesized. A mutant of Anabaena sp. strain PCC 7120 that was unable to develop mature heterocysts from proheterocysts and is Dab Ϫ (13) also pleiotrophically failed to make heterocyst glycolipids or polysaccharides (22) . The gene, devA, defining this developmental phenotype encodes a protein with similarity to ATP-dependent permeases (22) rather than a putative regulatory protein, as apparently does devR (see below). Thus, devA and devR apparently influence different aspects of the formation of a mature heterocyst envelope.
It is of interest that the gene responsible for the Fox Ϫ phenotype in strain UCD 311 has similarity to response regulator proteins of two-component regulatory systems. DevR most closely resembles Spo0F and CheY in that these three proteins consist of only the receiver domains of a response regulator. Other response regulators such as NtrC, PhoB, or Spo0A have the phosphorylation site of the receiver domain within the N-terminal portion of the protein and, minimally, an output domain in the C-terminal region of the protein (reference 28 and references therein). Many of these two-component regulatory systems have been characterized in eubacteria, and in all cases the response regulator proteins are part of a sensory pathway which relays information about the environment detected by the sensor kinase to effect an intracellular change (28) . The highly conserved aspartate residue in the receiver domains of response regulator proteins can accept the transfer of phosphate from a histidine residue in the sensor kinase proteins. Phosphorylation of the receiver domain is proposed to control the output activity of the response regulator protein, in most cases to activate transcription of specific genes. PatA, which is involved in heterocyst pattern formation of Anabaena sp. strain PCC 7120, also has similarity to response regulator proteins (21) . However, the putative receiver domain of PatA is located in the C-terminal portion of the protein while the N-terminal region has an unknown function.
The similarity of DevR to other receiver proteins of twocomponent regulatory systems is evidence that a sensory pathway, responding to an environmental (perhaps oxygen) or developmental signal after the onset of nitrogen limitation, is essential to the continued development of mature heterocysts. (28) . Phosphorylated CheY interacts with the switching protein of the flagellar motors (29) , and phosphorylated Spo0F is a phosphodonor to Spo0A, the transcriptional activator (15) . Spo0F is, therefore, part of a phosphorelay system that may allow integration of a number of environmental signals in the sporulation pathway (18) . DevR has a putative domain organization similar to those of CheY and Spo0F (Fig. 4) . We suggest DevR also may interact with another protein, either as part of a phosphorelay system similar to that of Spo0F or in the activation of an enzyme that is involved in the organization or assembly of the heterocyst outer envelope. The presence of multiple-banding patterns in all of the heterocyst-forming strains we surveyed by probing with devR implies, first, that two-component regulatory systems, or related phosphoproteins (23) , may be widely distributed among filamentous cyanobacteria and, second, that multiple bands within the same organism may reflect similar regulatory mechanisms for other metabolic or developmental processes. For example, heterocysts may have evolved from akinetes, or the two cell types may have evolved from a common ancestor; thus, they could share some biosynthetic and regulatory mechanisms. This hypothesis is supported by biochemical evidence that the polysaccharide layers are identical in the envelopes of both heterocysts and akinetes of the two strains analyzed (40) . Genetic evidence of a common origin is provided by the observation that HetR is essential for both akinete and heterocyst formation in Nostoc ellipsoporum (20) . The genes which define the divergence of heterocysts from akinetes would then logically be in a pathway separate from those which are common to the two cell types (i.e., those containing the structural genes for polysaccharide synthesis). DevR could have a role in akinete formation. However, since strain UCD 311 differentiated what microscopically appeared to be typical akinetes, we assume that (i) synthesis of polysaccharides that form the outer layer of heterocyst envelopes is unaltered and (ii) the devR gene product normally functions exclusively in heterocyst development. Nevertheless, the observation that Nostoc sp. strain ATCC 21933 atypically formed akinetes in aging medium in the presence or absence of ammonium when devR was present in trans (Fig. 1C) implies that akinete differentiation may be influenced by a similar phosphorelay mechanism and a demonstrable amount of cross talk may occur between the two differentiation processes.
